Observation of the cluster spin-glass phase in La 2 _ x Sr :c Cu04 by anelastic spectroscopy 
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An increase of the acoustic absorption is found in L^-^Sr^CuCU ( x = 0.019, 0.03 and 0.06) 
close to the temperatures at which freezing of the spin fluctuations in antiferromagnetic-correlated 
clusters is expected to occur. The acoustic absorption is attributed to changes of the sizes of the 
quasi-frozen clusters induced by the vibration stress through magnetoelastic coupling. 
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I. INTRODUCTION 

The low doping region of the phase diagram of 
La2- a; Sr 2 ;Cu04 is attracting considerable interest, due 
to the appearance of unconventional correlated spin dy- 
namics and ordering processes (for a review see Ref. fl\). 
In undoped La2CuC>4 the Cu 2+ spins order into a 3D 
antiferromagnetic (AF) state with the staggered magne- 
tization in the ab plane.B Doping by Sr rapidly destroys 
the long range AF order, with Tjy passing from 315 K 
to practically K around x c ~ 0.02. Above this critical 
value of the Sr content no long range AF order is expected 
at finite temperature. There are also indications that the 
holes are segregated into domain walls, sometimes iden- 
tified as charge stripes, which separate hole-poor regions 
where the AF correlations build up.tjQ The holes should 
be mobile along these " charge rivers" , but at low x they 
localize near the Sr atoms below ~ 30 K, causing a distoij-. 
tion of the spin texture of the surrounding Cu 2+ atoms.cl 
For x < x c the spin distortions around the localized holes 
are decoupled from the AF background, and freeze into 
a spin-glass (SG) state below Tf (x) ~ (815 K) x. For 
x > x c a cluster spin-glass (CSG) state is argued to 
freeze below T g (x) oc 1/x and AF correlations develop 
within the domains defined by the charge walls, with the 
easy axes of the staggered magnetization uncorrelated 
between different clusters. The formation of the SG and 
CSG gfates are inferred from sharp maxima in the 139 La 
NQRBEiO and ^SRB relaxation rates, which indicate the 
slowing of the AF fluctuations below the measuring fre- 
quency (~ 10 7 — 10 8 Hz in those experiments) on cool- 
ing, and from the observation of irreversibility, remnant 
magnetization, and scaling behavior in magnetic suscep- 
tibility experiments.Lfla 

Here we report the observation of a step-like increase of 
the low-frequency acoustic absorption close to the tem- 
perature at which the spin freezing process is detected 
in the NQR measurements. The absorption is ascribed 
to changes of the sizes of the frozen clusters induced, by 
the vibration stress through magnetoelastic couplings or 
equivalently to the motion of the walls between them. 

II. EXPERIMENTAL AND RESULTS 

The samples where prepared by standard solid state 
reaction as described in Ref. ^ and cut in bars approx- 
imately 40 x 4 x 0.6 mm 3 . The final Sr contents and 
homogeneities where checked from the temperature posi- 
tion and sharpness of the steps in the Young's modulus 
and acoustic absorption due to the tetragonal (HTT) / 
orthorhombic (LTO) transition, which occuts at a tem- 
perature T t linearly decreasing with dopingO The tran- 
sitions appear narrower in temperature than the one of 
a Sr-free sample, indicating that the width was mostly 
intrinsic and not due to Sr inhompgeneity, except for the 
sample at the lowest Sr contentilj The Sr concentrations 



estimated in this way turned out x — 0.0185 ± 0.0015, 
0.0315 ± 0.0015 and 0.0645 ± 0.002, in good agreement 
with the nominal compositions. In the following the sam- 
ples will be referred as x = 0.019, 0.03 and 0.06. 

The complex Young's modulus E was measured by 
electrostatically exciting either of the lowest three flex- 
ural modes and detecting the vibration amplitude by 
a frequency modulation technique. The elastic energy 
loss coefficient (or reciprocal of mechanical Q) is re- 
lated to the imaginary part E" of E by Q^ 1 (ui,T) = 
E" (ui,T) /E' (u,T), and it was measured by the decay 
of the free oscillations or the width of the resonance peak. 

In Fig. 1 the anelastic spectra of three samples with 
x = 0.019, 0.03, 0.06 below 16 K measured exciting the 
first flexural mode are reported. A step-like increase of 
the absorption is observed around or slightly below T g 
(Ref. |ll|) The gray arrows indicate the values of T g in 
the magnetic phase diagrams deduced from NQRI3 (lower 
values) and /iSRQ (higher values) experiments, which are 
in agreement with the data in Ref. |ll| (for the sample with 
x = 0.019 the T g (x = 0.02) values are indicated). The 
black arrows indicate the temperature of the maximum 
of the 139 La NQR relaxaticoa,rate measured on the same 
samples in a separate study,!!^ which indicate a freezing in 
the spin-glass phase, as discussed later. The coincidence 
of the temperatures of the absorption steps with those 
of freezing of the spin fluctuations suggest a correlation 
between the two phenomena. 

The sample with x = 0.03 was outgassed from excess O 
by heating in vacuum up to 790 K, while the other two 
samples where in the as-prepared state, therefore con- 
taining some interstitial O. The concentration S of ex- 
cess O is a decreasing function of x (Ref. [u]) and should 
be negligible for x — 0.06 but not for x — 0.019. This 
fact allowed us to observe the absorption step singled 
out from the high-temperature tail of an intense peak 
that occurs at lower temperature (see the sharp rise of 
dissipation below 3 K for x — 0.019 in Fig. 1). Such a 
peak has been attributed to the tunn clin g-driven tilt mo- 
tion of a fraction of the O octahedra fi I ^ e LTO phase 
is inhomogeneous on a local scale J13~ll3 and a fraction of 
the octahedra would be unstable between different tilt 
orientations, forming tunneling systems which cause the 
anelastic relaxation process. The interstitial O atoms 
force the surrounding octahedra into a fixed tilt orien- 
tation, resulting in a decrease of the fraction of mobile 
octahedra and therefore in a depression of the absorption 
peak. In addition, doping shifts the peak to lower tem- 
perature at a very high rate, due to the couplineJDetween 
the tilted octahedra and the hole excitations. El There- 
fore, it is possible to reduce the weight of the low temper- 
ature peak by introducing concentrations of interstitial O 
atoms that are so small that do not change appreciably 
the doping level due to the Sr substitutionals. Figure 2 
compares the absorption curves of the x = 0.019 sample 
in the as-prepared state with a concentration 6 ~ 0.002 
of excess O and after removing it in vacuum at high tem- 
perature. The initial concentration S has been estimated 
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from the intensity of the anelastipj-elaxation process due 
to the hopping of interstitial 0,113 whose maximum oc- 
curs slightly below room temperature at our measuring 
frequencies (not shown here). The presence of excess O 
indeed decreases and shifts to lower temperature the tail 
of the peak in Fig. 2, while the effect on the absorption 
step is negligible. This justifies the comparison of the 
sample with x = 0.019 and S > together with the other 
samples with S ~ 0, and demonstrates that the nature 
of the low temperature peak is different from that of the 
step-like absorption. 



III. DISCUSSION 

The present data show the presence of a step in the 
acoustic absorption at the boundary of the spin-glass 
quasi-ordered state in the T, x magnetic phase diagram. 
The case of the x = 0.019 sample is less clear-cut, since 
the step is rather smooth. Furthermore, the Sr content 
is within the range 0.018 < x < 0.02, at the boundary 
between the SG and the CSG phases, where the phase di- 
agram is largely uncertain Jl3 The Tf (x) line ends at 15 K 
for x ~ 0.018, and the line T g (x) starts from 10-12 K at 
x ~ jOJD2 (Refs. |JTT l^). A larger spread of experimental 
datalld (from 7.8 to 12.5 K) is actually observed just at 
x = 0.02. 

A mechanism which in principle produces acoustic ab- 
sorption is the slowing down of the magnetic fluctua- 
tions toward the spin-glass freezing. When measuring 
the spectral density J sp i n {^,T) of the spin fluctuations 
(the Fourier transform of the spin-spin correlation func- 
tion), e.g. through the 139 La NQR relaxation rate, a 
peak in J sp j n is found at the temperature at which the 
fluctuation rate r _1 (T) becomes equal to the measur- 
ing angular frequency to. Near the glass transition the 
magnetic fluctuation rate was found to approximately 
follow the law! r _1 cx [(T - T g ) /T g } 2 , and the tempera- 
ture at which the condition lot = 1 for the maximum 
of relaxation is satisfied for lj/2tt = 12—19 MHz is 
close to T g . A similar peak would be observed in the 
spectral density of the lattice strain Ji at t(w,T), if the 
spin fluctuations cause strain fluctuations through mag- 
netoelastic coupling. The acoustic absorption is propor- 
tional to the spectral density of the strain and hence to 



^latt, Q 1 = uJ stlain /T °c uJ\ att /T, and therefore at 
our frequencies {to < 50 kHz) we should observe a nar- 
row peak at a temperature slightly lower than the ones 
detected by NQR relaxation. The absorption steps in 
Fig. 1 can hardly be identified in a strict way as due to 
the contribution from the freezing magnetic fluctuations 
because they appear as steps instead of peaks. We pro- 
pose that the main contribution comes from the stress- 
induced movement of the domain boundaries between the 
clusters of quasi-frozen antiferromagnetically correlated 
spins. The mechanism is well known for ferromagnetic 
materials,! 9 ] but is possible also for an ordered AF state, 



if an anisotropic strain is coupled with the easy magne- 
tization axis. In this case, the elastic energy of domains 
with different orientations of the easy axis would be dif- 
ferently affected by a shear stress, and the lower energy 
domains would grow at the expenses of the higher en- 
ergy ones. The dynamics of the domain boundaries is 
different from that of the domain fluctuations and gener- 
ally produces broad peaks in the susceptibilities. An ex- 
ample is the structural HTT /LTO transformation in the 
same samples, where the appearance of the orthorhom- 
bic domains is accorja»anied by a step-like increase of the 
acoustic absorptions We argue that the features in the 
anelastic spectra just below T g are associated with the 
stress-induced motion of the walls enclosing the clusters 
of AF correlated spins. More properly, the anelastic re- 
laxation is attributed to the stress-induced changes of the 
sizes of the different domains. 

The x = 0.019 sample is at the border x c ~ 0.02 be- 
tween SG and CSG state. The NQR measurements on 
the same samplalj indicate a spin-freezing temperature 
- 9 K, closer to the CSG T g (x c ) rather then to the SG 
Tf (x c ), which is consistent with the presence of moving 
walls, otherwise absent in the SG state. Nonetheless, fol- 
lowing the model proposed by Gooding et alE3 we do 
not expect a sharp transition between the SG and the 
CSG states. According to that model, at low temper- 
ature the holes localize near the Sr dopants, and in the 
ground state an isolated hole circulates clockwise or anti- 
clockwise over the four Cu atoms neighbors to Sr. Such 
a state induces a distortion of the surrounding Cu spins, 
otherwise aligned according to the prevalent AF order 
parameter. The spin texture arising from the frustrated 
combination of the spin distortions from the various lo- 
calized holes produces domains with differently oriented 
AF order parameters, which can be identified with the 
frozen AF spin clusters. The dissipative dynamics which 
we observe in the acoustic response should arise from 
the fact that the energy surface of the -possible spin tex- 
tures has many closely spaced minimaEH and the vibra- 
tion stress, through magnetoelastic coupling, can favor 
jumps to different minima. In this picture, one could ar- 
gue that the random distribution of Sr atoms may cause 
the formation of spin clusters also for x < x c and it is 
possible to justify the fact that for x — 0.019 the ab- 
sorption step does not start below the maximum of the 
139 La NQR relaxation rate, which signals the freezing of 
the spin clusters. Rather, the acoustic absorption slowly 
starts increasing slightly before the T g determined by the 
NQR maximum is reached. This may indicate that the 
spin dynamics is not only governed by cooperative freez- 
ing, but is also determined by the local interaction with 
the holes localized at the surrounding Sr atoms. Then, 
the regions in which the Sr atoms induce a particularly 
strong spin-texture could freeze and cause anelastic re- 
laxation before the cooperative transition to the glass 
state is completed. Systematic measurements around the 
x = 0.02 doping range are necessary to clarify this point. 

The dependence of the intensity of the absorption step 
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on x, which is sharper and most intense at x = 0.03, qual- 
itatively supports the above picture. In fact, at lower 
doping one has only few domains embedded in a long 
range ordered AF background, while above 0.05 the frac- 
tion of walls of disordered spins connecting the Sr atoms 
increases at the expenses of the ordered domains— with 
a cross-over to incommensurate spin correlations.^ The 
anelasticity due to the stress-induced change of the do- 
main sizes is expected to be strongest in correspondence 
to the greatest fraction of ordered spins, namely between 
0.03 and 0.05, in accordance with the spectra in Fig. 1. 

Finally we point out the inscnsitivcness of the absorp- 
tion step to the presence of interstitial O (Fig. 2 and Ref. 
|l2| ) , in view of the marked effects that even small quanti- 
ties of excess O cause to the low temperature P^A (Fig. 
2) and to the rest of the anelastic spectrum.ll3'L3 This 
is consistent with a dissipation mechanism of magnetic 
rather than of structural origin. 



IV. CONCLUSION 

The elastic energy loss coefficient of La2-a;Sr x Cu04 
(proportional to the imaginary part of the elastic sus- 
ceptibility) measured around 10 3 Hz in samples with 
x = 0.019, 0.032 and 0.064 shows a step-like rise below 
the temperature of the transition to a quasi-frozen clus- 
ter spin-glass state. The origin of the acoustic absorp- 
tion is thought to be magnetoelastic coupling, namely 
anisotropic in-plane strain associated with the direction 
of the local staggered magnetization. The absorption is 
not peaked at T g and therefore does not directly corre- 
spond to the peak in the dynamic spin susceptibility due 
to the spin freezing. Rather, it has been ascribed to the 
stress-induced changes of the sizes of the spin clusters, or 
equivalently to the motion of the walls. The phenomenol- 
ogy is qualitatively-accounted for in the light of the model 
of Gooding et alE3 of magnetic correlations of the Cu 2+ 
spins induced by the holes localized near the Sr dopants. 
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V. FIGURES CAPTIONS 

Fig. 1 Elastic energy loss coefficient of La2- a; Sr 2 ;Cu04 
with x = 0.019 (1.3 kHz), x = 0.03 (1.7 kHz), x = 0.06 
(0.43 kHz). The gray arrows indicate the temperature T g 
of freezing into the cluster spin^glass state deduced from 
NQRtl (lower values) and /xSRQ (higher values) experi- 
ments The black arrows indicate the temperature of the 
maximum of the l: pLa NQR relaxation rate measured on 
the same samples. 113 

Fig. 2 Elastic energy loss coefficient of the sample with 
x = 0.019 in the as prepared state (with interstitial O) 
and after outgassing the excess O measured at 1.3 kHz. 
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